C ardiovascular disease (CVD) is a leading cause of morbidity and mortality among patients with chronic kidney disease (CKD), and is almost twice as prevalent among those with CKD as those without it.
1 Baseline levels of commonly tested plasma cardiac biomarkers including brain natriuretic peptide (BNP), cardiac troponin T (TnT), and N-terminal-pro-BNP (NT-pro-BNP) can be elevated in asymptomatic patients with advanced CKD and end-stage renal disease, [2] [3] [4] and can thus be difficult to interpret clinically in these populations. 5 Several studies suggest prognostic value of these biomarkers in hemodialysis patients for predicting allcause mortality and cardiovascular events. [6] [7] [8] Few studies
have assessed elevated levels of these biomarkers in earlier CKD stages and explored associations with outcomes in nondialysis CKD samples. These were limited by small sample sizes and event rates, inadequate control for confounding, and ethnic homogeneity. 2, 5, [9] [10] [11] [12] [13] [14] Moreover, few data are available evaluating the prognostic value of TnT measured with new high-sensitivity assays (hs-TnT) in CKD. [13] [14] [15] Importantly, most prior studies do not include stages 1 to 2 CKD as defined by albuminuria with preserved glomerular filtration rate (GFR), when early interventions might make the largest impact on cardiovascular outcomes. It is not known whether cardiac imaging-based biomarkers such as coronary artery calcification (CAC) and left ventricular hypertrophy (LVH), also prevalent in CKD, [16] [17] [18] should be used for cardiovascular risk prediction. CAC testing is recommended for assessing future cardiovascular risk in non-CKD patients with intermediate risk, but its prognostic utility in CKD patients as an add-on to the Framingham Risk score is not clear. LVH is prevalent in 75% of patients with advanced CKD, 19 but studies reporting an association with cardiovascular events may be largely confounded by the presence of hypertension. 19, 20 The specific aims of this study are to determine the following: (1) whether CKD modifies the association of detectable hs-TnT, elevated BNP and NT-pro-BNP, CAC ≥100 Agatston units, and LVH with death and cardiovascular events; and (2) whether cardiac biomarkers differentially add to the prognostic ability of traditional Framingham cardiovascular risk factors in CKD versus non-CKD individuals. We addressed these aims using a pre-existing cohort that includes early stages of CKD defined by albuminuria with preserved estimated GFR (eGFR) in order to address existing knowledge gaps.
Materials and Methods

Participants
The DHS (Dallas Heart Study) is a longitudinal, multiethnic, population-based study involving a probability sample of community-dwelling residents of Dallas County, TX, 21 approved by the University of Texas Southwestern Institutional Review Board. The study adheres to the Declaration of Helsinki. After providing informed consent, 6101 participants completed an in-home visit to collect health-related data. A probability-based subset of 3398 persons aged 30 to 65 years underwent a second in-home visit, providing fasting blood and first-void urine. Of those, 2971 participants completed a third visit for advanced imaging. Our primary analysis included 3218 participants with samples for circulating cardiac biomarkers of interest, microalbuminuria, and sufficient data to estimate GFR. Of those, 2324 with available imaging studies were included in a secondary analysis involving CAC and LV mass.
Biomarker Measurements
Fasting venous blood was drawn via venipuncture into EDTA tubes, refrigerated for up to 4 hours at 4°C before centrifugation at 1430g for 15 minutes. Plasma was removed and frozen at À70°C until assays were performed. TnT levels were measured using a high-sensitivity assay (hs-TnT; Elecsys-2010 â Troponin T hs STAT; Roche Diagnostics, Indianapolis, IN). BNP (Biosite Inc, San Diego, CA) and NT-pro-BNP (Elecsys â ; Roche Diagnostics) were measured using commercially available assays, previously described. 22 Hs-TnT was considered elevated if present at a concentration ≥3 ng/L, the limit of blank of the assay. BNP and NT-pro-BNP were defined as elevated if ≥75th sex-based percentiles. For BNP, the 75th percentile cutoff was ≥15.4 pg/mL for women and ≥9.5 pg/mL for men; and for NT pro-BNP, ≥76.1 pg/mL for women and ≥40.6 pg/mL for men. The 75th percentile threshold was selected because it is unbiased and would yield a prevalence of elevation roughly equivalent to hs-TnT, which was above the limit of blank in 24% of DHS participants. CAC was measured with electron-beam computerized tomography on a single scanner (Imatron 150 XP; Imatron, Inc, San Francisco, CA) at 80% of the R-R interval with 30-cm field of view, 512 matrix with sharp kernel reconstruction. 23 The mean of 2 consecutive measurements was used as the final score. If only 1 scan was performed, that measurement was designated as the final score. CAC was scored following the Multi-Ethnic Study of Atherosclerosis protocol, and expressed in Agatston units. 24 Clinically relevant CAC was defined as a score of ≥100 Agatston units, corresponding to moderate-to-high 10-year cardiovascular event risk. 25 LV mass was measured with cardiac magnetic resonance
Clinical Perspective
What Is New?
• Cardiac biomarkers such as high-sensitivity cardiac troponin T, brain natriuretic peptide, N-terminal-pro-brain natriuretic peptide, coronary artery calcification, and left ventricular hypertrophy are more commonly elevated in individuals with chronic kidney disease, even at early stages identified by albuminuria in the setting of preserved glomerular filtration rate.
• Each of these biomarkers, except for coronary artery calcification, prognosticate cardiovascular outcomes in chronic kidney disease patients at least as well, if not more powerfully, as in those without chronic kidney disease.
What Are the Clinical Implications?
• A multimodality approach combining these circulating and imaging-based cardiac biomarkers can be used to add to the prognostic information obtained from traditional risk factors alone to predict the likelihood of cardiovascular events in individuals with chronic kidney disease.
imaging using a Phillips Medical Systems (Best, the Netherlands) 1.5-T Intera magnet and was indexed to body surface area. 26 LVH was defined as normalized LV mass >89 g/m 2 in men and >112 g/m 2 in women, representing sex-specific 97.5th percentiles from a healthy, phenotypically normal subpopulation of the DHS. 26 
Urinary and Kidney Function Measurements
A first-void urine sample was used to measure spot urinary albumin and creatinine and calculate the urinary albumin-tocreatinine ratio (ACR), expressed as mg/g. Serum and urine creatinine concentrations were both determined by the alkaline picrate method, and, therefore, the 4-variable Modification of Diet in Renal Disease study formula was used to derive eGFR. 27 
Outcome Measures
The a priori primary outcome was all-cause death. The secondary outcome, designed to reflect predictive impact of biomarkers for cardiovascular events, was a composite of cardiovascular death or cardiovascular event, defined as nonfatal myocardial infarction, stroke, cardiovascular revascularization (coronary artery bypass grafting or percutaneous coronary intervention), or hospitalization for congestive heart failure or atrial fibrillation. Death was ascertained using the National Death Index through December 31, 2013. Participants were labeled as having died of cardiovascular causes using International Statistical Classification of Diseases 10 codes I00 to I99. 32 Cardiovascular events were adjudicated by DHS investigators through 2011. Two-hundred fifty-nine participants without adjudicated data for cardiovascular events were excluded from the survival analyses for the secondary outcome. For the primary prespecified analysis including 3218 participants with available plasma biomarkers, all-cause death and cardiovascular deaths/events were estimated using Kaplan-Meier curves, and compared between CKD and non-CKD groups using the log-rank test. Univariable and multivariable Cox proportional hazards models were used to determine the association between biomarkers, at the prespecified cut points, and outcomes. Effect modification of CKD on these associations was determined using interaction terms (CKD9biomarker), with an interaction P value of <0.1 considered significant. Multivariable models controlled for race and traditional cardiovascular risk factors (age, sex, diabetes mellitus, hypertension, current smoking, total cholesterol, and high-density lipoprotein cholesterol). 33 Finally, adjustment for log-transformed eGFR was made to control for any potential effect of reduced renal clearance on biomarker levels, and separate models were also constructed to evaluate controlling for body mass index and ACR. Sensitivity analyses were performed excluding 236 participants (49 with CKD and 187 without CKD) with prior CVD (self-reported history of myocardial infarction, revascularization, congestive heart failure, or stroke). Sensitivity analyses were also performed using the CKD-EPI equation (instead of Modification of Diet in Renal Disease) to derive eGFRs. A prespecified secondary analysis was performed that included 2324 participants with imaging studies available for CAC and LVH assessment.
Statistical Analysis
To determine whether biomarkers differentially add to the prognostic ability of traditional cardiovascular risk factors (base model), Harrell's c-statistics were calculated and compared with and without the addition of biomarkers. Standard errors and 95% CI for the c-statistics were computed with jackknife estimation. 34 Nested models were compared with likelihood ratio tests after adding each biomarker at the prespecified cut points to the base model, then introducing new biomarkers to assess for improvement in model discrimination for risk prediction in CKD and non-CKD groups. 35, 36 Statistical analyses were performed with SAS 9.4 (SAS Institute, Cary, NC).
Results
Characteristics of Study Participants
Of the 3218 participants, 56% were female, 52% were black, 29% were white, 17% were Hispanic, and 2% were other races. There were 279 (8.7%) with CKD. Seventy-six percent of those with CKD had stages 1 to 2, defined by albuminuria with eGFR ≥60 mL/min per 1.73 m 2 . Specifically, proportions with stage 1, 2, 3, and 4 to 5 were 50%, 26%, 20%, and 3%, respectively. The mean (AESD) age was 44.6AE9.8 years (Table 1) . Participants with CKD were older, had a higher proportion of men and blacks, and were more likely to be hypertensive, diabetic, and current smokers than those without CKD. Median blood pressure and body mass index were also higher in the CKD group (Table 1) . There were no differences in high-density lipoprotein cholesterol levels and the proportion with hyperlipidemia between groups.
Univariable Associations of Biomarkers With CKD
Elevated circulating biomarkers, CAC, LV mass normalized to body surface area, and presence of LVH were all significantly associated with the presence of CKD, P<0.001 for all ( Table 1 ). Across advancing stages of CKD, there were statistically significant graded increases in the plasma levels of both BNP and NT-pro-BNP (P for trend <0.001 for both, data not shown). Proportion with elevated hs-TnT, BNP, NTpro-BNP, CAC, and LVH also increased across advancing CKD stages, P for trend <0.001 for each (data not shown). Sensitivity analyses using the CKD-EPI equation to derive eGFRs for the analysis of biomarker levels revealed similar differences between CKD and non-CKD groups (Table S1 ).
All-Cause Death and Cardiovascular Death or Event
There were 296 deaths during a median (interquartile range) follow-up of 149.6 (145.8, 154.6) months. In the CKD group, 31.9% died compared with 7.0% in the non-CKD group, P<0.001 (Table 2) . Cardiovascular death/event was reached in 218 cases (29.7% of participants with versus 6.1% without CKD, P<0.001). Each component of the secondary outcome (cardiovascular death, nonfatal myocardial infarction, stroke, congestive heart failure hospitalization, cardiovascular revascularization, and atrial fibrillation) also occurred in a higher proportion of CKD individuals (Table 2) . Sensitivity analysis excluding 236 participants with prior cardiovascular disease revealed similar findings (Table S2) .
Effect Modification of CKD on Association of Biomarkers With Outcomes
Event rates for both primary and secondary outcomes were higher in participants with elevated plasma biomarkers than without in both CKD and non-CKD groups (Figures 1 and 2 ). A statistically significant interaction was seen between CKD and the effect of BNP ≥75th percentile on all-cause death such that the adjusted hazard ratio was intensified and remained significant in the CKD group but was not significant in the non-CKD group (interaction P=0.01) ( Table 3 ). There was also a significant interaction between the effect of CKD and both elevated BNP and detectable hs-TnT on cardiovascular death/ event, so that the magnitude of the associations was accentuated in CKD individuals ( Table 3 ). The adjusted hazard ratios of elevated hs-TnT and BNP for cardiovascular death/ event in the CKD group were twice that in the non-CKD group. Controlling for eGFR yielded similar associations, with no change in the interactions between CKD and BNP on either outcome. However, after adjusting for eGFR, the interaction of CKD9hs-TnT for cardiovascular death/event became nonsignificant. Despite this, the adjusted hazard ratio of hs-TnT for cardiovascular death/event remained almost twice as high in the CKD group as in the non-CKD group. Additional models adjusting for ACR and body mass index separately produced similar results, with the exception of BNP (data not shown).
When controlling for albuminuria, BNP remained significantly associated with cardiovascular death or event in CKD and non-CKD individuals, but the CKD9BNP interaction became nonsignificant: adjusted hazard ratio (95% CI) was 1.60 (1.15, 2.23) in the non-CKD and 2.59 (1.54, 4.37) in the CKD group, interaction P=0.12.
Sensitivity analyses excluding participants with prior CVD illustrated similar results for CKD effect modification, and also revealed a significant interaction between CKD and NT-pro-BNP for death, such that the hazard ratio for those with elevated NT-pro-BNP was 3.20 (1.83, 5.60) in the CKD group versus 1.72 (1.22, 2.41) in the non-CKD group, interaction P=0.06 (Table 3) . Results were similar when using CKD-EPI equation-derived eGFRs (Table S3) .
There was no significant CKD9CAC interaction for death, although CAC appeared less predictive of cardiovascular death/event in the CKD compared with the non-CKD group, such that the association was no longer significant after adjustment for Framingham risk factors in the CKD group (Table 3) . CKD did not modify the associations between LVH and the primary or secondary outcomes. Tables S4 and S5 for individual model c-statistics, 95% CI). NT-pro-BNP added prognostic information for all-cause death to the base model in both CKD and non-CKD individuals. Hs-TnT improved the prognostic discrimination for death in the non-CKD but not in the CKD group. This was true for both 1 biomarker and 2 biomarker models ( Figure 3A and 3B) . As compared to the base model and the model containing hs-TnT, addition of BNP or NT-pro-BNP improved the model fits in CKD, but adding hs-TnT to BNP or NT-pro-BNP did not improve prognostication. In the non-CKD group, all 2-biomarker models were more discriminatory for all-cause death than 1-biomarker models (Figure 3A and 3B ).
Prognostic Ability of Biomarkers
In models for cardiovascular death/event, both BNP and NT-pro-BNP added prognostic value to the base model for CKD and non-CKD individuals ( Figure 3C and 3D) . Adding hsTnT to the base model improved the fit only for those with CKD. Two-biomarker models were more discriminatory than 1-biomarker models for cardiovascular death/event in the CKD group. In those without CKD, hs-TnT did not add prognostic information for cardiovascular death/event to either the base model or the models containing only BNP or NT-pro-BNP ( Figure 3C and 3D) . ACR indicates spot urine albumin-to-creatinine ratio; BMI, body mass index; BNP, brain natriuretic peptide; BSA, body surface area; CAC, coronary artery calcification; CKD, chronic kidney disease; GFR, glomerular filtration rate; HDL, high-density lipoprotein; hs-TnT, high-sensitivity cardiac troponin T; IQR, interquartile range; LV, left ventricular; LVH, left ventricular hypertrophy; NT-pro-BNP, N-terminal pro-brain natriuretic peptide. *Prior cardiovascular disease was defined as self-reported history of prior myocardial infarction, revascularization, heart failure, or stroke. † Derived from sex-based cutoffs: BNP 75th percentile cutoff for women=15.4 pg/mL, for men=9.5 pg/mL; NT-pro-BNP 75th percentile cutoff for women=76.1 pg/mL, for men=40.6 pg/ mL. In the CKD group, adding LVH did not improve the prognostic discrimination of models containing 2 circulating biomarkers for all-cause death ( Figure 4A and 4B). However, in both CKD and non-CKD participants, LVH did improve model fit for cardiovascular death/event when added to any of the 2-biomarker models or models including CAC ( Figure 4C and 4D). Adding CAC provided prognostic value for all-cause death in both CKD and non-CKD, but not for cardiovascular death/event in CKD participants.
Discussion
In this report from a large multiethnic population-based cohort with a median follow-up of 12.5 years, we found that (1) despite that levels of plasma and imaging cardiac biomarkers were more commonly elevated in CKD, these biomarkers, except for CAC, still prognosticated all-cause death and cardiovascular death/event at least as well, if not better in CKD as in non-CKD individuals; and (2) each biomarker added to the prognostic ability of traditional cardiovascular risk factors alone in those with CKD, except that CAC was not discriminatory for cardiovascular death/event. Our CKD sample is unique in that the majority were defined by albuminuria, with a minority defined by eGFR <60 mL/min per 1.73 m 2 , showing that these associations exist not only in those with reduced GFR but also in those with earlier stages of CKD when GFR is preserved. Baseline chronic elevation of circulating cardiac biomarker levels has historically clouded clinical interpretation of these important tests in advanced CKD patients.
2-4,11-13,37-39 The fractional plasma clearance of both BNP and NT-pro-BNP are reduced with declining eGFR, particularly for NT-pro-BNP. 38, 40 The impact of renal clearance on circulating TnT concentrations is less certain. 5 In this study, the majority of the CKD group was defined by albuminuria with preserved eGFR, where knowledge gaps in the literature exist. We extend the finding that these cardiac biomarkers are elevated in those with decreased GFR to a multiethnic CKD group primarily composed of those with preserved GFR, a sample not included in the majority of previous studies. In addition to decreased renal clearance, potential mechanisms for biomarker elevations in CKD patients could include chronic myocardial injury from altered hemodynamics, inflammation, endothelial dysfunction, and subendocardial ischemia in those with albuminuria. 5 We show that despite the increased prevalence of elevated hs-TnT, BNP, and NT-pro-BNP levels, each biomarker independently prognosticates hard clinical outcomes in CKD, and in some instances has even stronger associations with outcomes than in non-CKD individuals. Studies of TnT in nondialysis CKD patients were limited by small sample sizes and low event rates, precluding adjustment for traditional risk factors and limiting results to unadjusted hazard ratios 2, [12] [13] [14] [41] [42] [43] [44] ; only 3 investigated the prognostic value of the hs-TnT assay in CKD patients, showing an association with incident heart failure 44 and cardiovascular events. 13, 14 Our study is the first to report from a multiethnic population-based cohort that even after controlling for traditional cardiovascular risk factors, the magnitude of the association between hs-TnT and cardiovascular outcomes was 2 times greater in those with CKD versus those without CKD, in a sample weighted towards those with albuminuria but preserved eGFR. Controlling for eGFR to account for potentially decreased renal clearance of biomarkers slightly attenuated the interaction between CKD and hs-TnT on cardiovascular death/event, but the association remained twice as strong in the CKD group as in the non-CKD group. This suggests that elevation in hs-TnT and association with cardiovascular outcomes in CKD is not Elevated BNP, which has a shorter half-life than NT-pro-BNP, was associated with cardiovascular events in 1 Japanese cohort with known CVD. 11 In our adjusted models, elevated BNP was associated with all-cause death in the CKD group, with no significant association in non-CKD individuals, even after controlling for eGFR. This may reflect the fact that very low BNP levels in the non-CKD group, which fall in a range of imprecision of the assay, do not allow discrimination of risk. We also show that in individuals without prior CVD, NT-pro-BNP was more strongly associated with death if CKD was present versus if absent. This association persisted after controlling for eGFR, suggesting mechanisms other than decreased renal clearance of NT-pro-BNP. Volume overload is a poor prognosticator in CKD, and despite decreased renal clearance of BNP or NT-pro-BNP in later stage CKD, elevated levels in earlier stages may reflect subclinical chronic volume overload in the setting of albuminuria. 46 While hs-TnT more specifically prognosticated cardiovascular outcomes, BNP was associated with both cardiovascular outcomes and all-cause death, supporting this underlying pathophysiologic mechanism of chronic volume overload secondary to albuminuria even before decline in GFR. Although traditional risk factors were more prevalent among those with CKD than without, addition of cardiac circulating biomarkers generally improved the prognostic ability of the base model that included traditional risk factors in CKD participants. The poorer performance of traditional cardiovascular risk factors alone before the addition of biomarkers for predicting outcomes highlights an opportunity to identify nontraditional risk factors specific to CKD populations to improve risk prediction.
Regarding cardiac imaging biomarkers, we confirm increased prevalence of LVH in CKD versus non-CKD participants, even in those with albuminuria but without diminished eGFR. [47] [48] [49] Previous studies reporting association of LVH with cardiovascular events may be largely confounded by the presence of hypertension. 20 We show that although adding LVH does not improve mortality prediction in CKD, it does improve prediction for cardiovascular death/event, even after controlling for hypertension. There are less data reporting unfavorable clinical outcomes of CAC in nondialysis CKD versus in end-stage renal disease samples and were limited by low event rates, limited followup, or ethnic homogeneity. 16, 17 We show that although CAC ≥100 was more commonly present in those with CKD, it did not add prognostic value above traditional markers for cardiovascular outcomes in CKD individuals. In fact, CAC was less predictive of cardiovascular death/event in the CKD compared with the non-CKD group. It is possible that underlying pathophysiologic differences in the development of CVD in CKD, such as medial versus intimal vessel calcification, 50 may lead to other predisposing factors for cardiovascular events that would not be reflected in CAC scores. Alternatively, increased CAC may be a surrogate for other traditional cardiovascular risk factors in CKD patients, such that controlling for these factors resulted in a nonsignificant hazard ratio. 5 Finally, the decreased number of participants with available CAC may have underpowered this assessment.
Despite the significance of our findings in a large multiethnic population-based cohort, a few limitations deserve mentioning. The CKD group comprises a relatively low proportion of our cohort, but it is the largest cohort in the literature that contains all of the cardiac biomarkers of interest, a non-CKD comparison group, and long-term cardiovascular outcome measures for analysis. These findings should be validated in samples with larger numbers of individuals with CKD. Our sample included a lesser number of participants with stage 4 to 5 CKD, although the larger number with earlier stages of CKD addresses the knowledge gaps in the existing literature. In addition, time-varying repeated measures of kidney function and cardiac biomarkers in relation to outcomes were not assessed. Future studies with serial biomarker evaluations are needed to investigate whether changing biomarker levels over time will affect cardiovascular outcomes. Finally, given that serum creatinine concentrations were determined by the alkaline picrate method, the Modification of Diet in Renal Disease equation was used to calculate eGFR. This could lead to potential misclassification of some CKD patients based on eGFR alone. However, only 3 participants were classified as having CKD by the Modification of Diet in Renal Disease but not by the CKD-EPI equation, and sensitivity analyses using CKD-EPI-derived eGFRs yielded similar results.
Conclusion
We confirm that hs-TnT, BNP, NT-pro-BNP, CAC, and LVH are more commonly elevated in CKD, even at early stages identified by albuminuria. Despite this, we demonstrate that in early stages of CKD with preserved GFR, each of these biomarkers, except for CAC, prognosticates outcomes at least as well, if not more powerfully, as in non-CKD individuals, and adds to the prognostic information obtained from traditional risk factors alone. The lower performance of traditional risk models alone in those with CKD leaves room for further elucidation of the role of nontraditional risk factors to improve risk prediction in CKD patients. Cutoff value for BNP and NT-pro-BNP ≥75 th percentile; cutoff value for Hs-TnT ≥3 ng/L; cutoff value for CAC ≥100 Agatston units.
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